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ABSTRACT
The organic cation transporter 1 (OCT1), also known as solute
carrier family 22 member 1, is strongly and specifically expressed
in the human liver. Here we show that the hepatocyte nuclear
factor 1 (HNF1) regulates OCT1 transcription and contributes to
the strong, liver-specific expression of OCT1. Bioinformatic
analyses revealed strong conservation of HNF1 binding motifs
in an evolutionary conserved region (ECR) in intron 1 of the OCT1
gene. Electrophoretic mobility shift and chromatin immunopre-
cipitation assays confirmed the specific binding of HNF1 to the
intron 1 ECR. In reporter gene assays performed in HepG2 cells,
the intron 1 ECR increased SV40 promoter activity by 22-fold and
OCT1 promoter activity by 13-fold. The increase was reversed
when the HNF1 binding sites in the intron 1 ECR were mutated
or the endogenous HNF1a expression was downregulated with

small interfering RNA. Following HNF1a overexpression in Huh7
cells, the intron 1 ECR increased SV40 promoter activity by 11-
fold and OCT1 promoter activity by 6-fold. Without HNF1a
overexpression, the increases were only 3- and 2-fold, respectively.
Finally, in human liver samples, high HNF1 expression was
significantly correlated with high OCT1 expression (r5 0.48, P5
0.002, n 5 40). In conclusion, HNF1 is a strong regulator of
OCT1 expression. It remains to be determined whether genetic
variants, disease conditions, or drugs that affect HNF1 activity
may affect the pharmacokinetics and efficacy of OCT1-transported
drugs such as morphine, tropisetron, ondansetron, tramadol, and
metformin. Beyond OCT1, this study demonstrates the validity and
usefulness of interspecies comparisons in the discovery of function-
ally relevant genomic sequences.

Introduction
The organic cation transporter 1 (OCT1), also known as

solute carrier family 22 member 1 (SLC22A1), is strongly
expressed in the sinusoidal membrane of the human liver.
OCT1 typically accelerates the hepatic uptake of small,
hydrophilic, positively charged organic molecules, including
both naturally occurring substances and numerous drugs
(Koepsell et al., 2007). OCT1 is apparently not essential for
life, but it may have substantial medical impact during drug
treatment or exposure to certain chemicals (Jonker et al.,
2001). A number of clinically relevant drugs have been shown
to be substrates or inhibitors of OCT1 (Ahlin et al., 2008; Nies

et al., 2011). Although many OCT1 substrates have only been
tested in vitro, several studies in humans provide evidence
that metformin, tropisetron, ondansetron, tramadol, and mor-
phine are OCT1 substrates (Shu et al., 2007; Tzvetkov et al.,
2010, 2011, 2013).
OCT1 is the most strongly expressed drug transporter in

the human liver (Hilgendorf et al., 2007; Schaefer et al., 2012).
OCT1 mRNA expression is 3-fold greater than the second-
most highly expressed human liver influx transporter,
OATP1B1 (Hilgendorf et al., 2007). Furthermore, OCT1
mRNA expression is more than 13-fold stronger than the
expression of OCT3, the other organic cation transporter that
is expressed in the human liver (Hilgendorf et al., 2007; Nies
et al., 2009).
In humans, OCT1 is almost exclusively expressed in the

liver (Zhang et al., 1997). Although OCT1 expression has also
been reported for the human kidney and intestine (Muller
et al., 2005; Tzvetkov et al., 2009), the mRNA expression
levels in these organs are more than 500-fold lower than in
the liver (Nies et al., 2009; Tzvetkov et al., 2009). In
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addition, de-differentiation of liver hepatocytes to hepatocel-
lular carcinoma cells has been associated with a strong
decrease in OCT1 expression (Heise et al., 2012).
OCT1 activity varies greatly among healthy individuals.

Approximately 9% of Caucasians completely lack OCT1
activity due to common amino acid polymorphisms (Shu
et al., 2003; Tzvetkov et al., 2010). Loss-of-function amino acid
substitutions have been associated with altered pharmacoki-
netics and/or efficacy of metformin, imatinib, tropisetron,
ondansetron, tramadol, and morphine (Shu et al., 2007;
Tzvetkov et al., 2009, 2010, 2011, 2013; Bazeos et al., 2010).
Loss-of-function amino acid substitutions are not the only

factor contributing to the high interindividual variability in
OCT1 activity; OCT1 expression also varies widely among
individuals. Systematic analyses of OCT1 expression in the
human liver showed 113-fold variability in OCT1 mRNA and
a corresponding 83-fold variability in OCT1 protein levels
(Nies et al., 2009). Only part of this extensive variability could
be explained by disease conditions such as cholestasis, or
genetic and epigenetic variations in the OCT1 locus (Nies
et al., 2009; Schaeffeler et al., 2011). Less is known about the
contribution of trans-regulatory factors to the highly variable
expression of OCT1.
Two trans-regulatory factors, upstream stimulatory factor

(USF) and the hepatocyte nuclear factor 4 (HNF4), are known
to regulate OCT1 transcription (Saborowski et al., 2006;
Kajiwara et al., 2008). Both factors bind in the 2-kb promoter
region of OCT1. USF binds to an E-box element located 90 bp
upstream of the translational start site, while HNF4 binds to
two tandem direct repeat sequences located 160-bp upstream
of the translational start site. However, neither USF nor
HNF4 can completely explain the very strong and liver-
specific expression of human OCT1. USF1 is a ubiquitously
expressed transcriptional factor and thus does not account for
the liver specificity of OCT1 expression. On the other hand,
HNF4 is a transcription factor highly active in the liver, but
it only moderately activates OCT1 transcription. The OCT1
promoter containing the HNF4 binding sites leads to at most
a 3-fold increase in luciferase reporter gene activity in HepG2
and Huh7 cells (Kajiwara et al., 2008) and by itself cannot
explain the 500-fold stronger expression of OCT1 in the liver
compared with the other human organs. Therefore, we
hypothesized that other transcription factors may contribute
to the liver specificity and high interindividual variability of
OCT1 expression.
Here we report that the hepatocyte nuclear factor 1, a major

transcriptional regulator in the liver, regulates OCT1 expres-
sion via binding to an evolutionary conserved region (ECR)
located in intron 1 of the OCT1 gene. We present bioinfor-
matic analyses, electrophoretic mobility shift and chromatin
immunoprecipitation assays, reporter gene assays in model
cell lines, and HNF1 and OCT1 expression analyses in human
liver samples to support this finding.

Materials and Methods
Bioinformatic Analyses. ECR Browser was used to identify

evolutionary conserved regions in the OCT1 gene locus (Ovcharenko
et al., 2004). The human locus was compared with rat, mouse, cow,
dog, rhesus macaque, and chimpanzee loci. An ECR was defined as
a region with a minimum length of 100 bp, showing 70% or higher
conservation between the human and tested mammalian genomes.

PhyloP software was used for multiple sequence alignment of the 46
vertebrate genomes from the Vertebrate Multiz Alignment Track of
the University of California, Santa Cruz Genome Browser database
(Rhead et al., 2010). Potential binding sites for the hepatocyte nuclear
factor 1 were identified based on the consensus HNF1 recognition
sequence GTTAATnATTAAC (Bach et al., 1990).

Isolation of Nuclear Proteins, In Vitro Transcription/
Translation, and Electrophoretic Mobility Shift Assay. Nu-
clear proteins were extracted by the Dignam method (Dignam et al.,
1983) followed by an additional purification with ammonium sulfate
(final concentration of ammonium sulfate 0.3 g/ml). Protein concen-
tration was determined using a bicinchoninic acid assay (Smith et al.,
1985) with bovine serum albumin as a standard (all reagents were
from Sigma-Aldrich, Deisenhofen, Germany).

The electrophoretic mobility shift assays were performed as
described previously (Meineke et al., 2008). In brief, 2-pmol annealed
oligonucleotide probes were radiolabeled by incubation with 2 U
Klenow enzyme (MBI-Fermentas, St. Leon-Roth, Germany) at 30°C
for 1 hour in the presence of 20 mCi of [a-32P]dCTP (Hartmann
Analytic, Braunschweig, Germany) and a 50 mM concentration of the
other three dNTPs. The labeled probes were purified using Mini
Quick Spin Oligo Columns (Roche, Mannheim, Germany). The probe
sequences are given in Table 1. In the binding reaction, 20-mg nuclear
extracts were preincubated for 10 minutes on ice in an 18-ml reaction
mixture containing 20 mM HEPES, pH 7.8, 75 mM EDTA, 0.5 mM
dithiothreitol, 140 mM KCl, 10% glycerol, and 0.2 pg of poly(dI-dC) as
a nonspecific competitor. The radioactive probe (13.5 nCi) was then
added and incubated for an additional 15 minutes on ice, and the
reaction was run on a 5% native polyacrylamide gel. In the cold
competition assays, 3- to 30-fold excesses of unlabeled competitor
probes were used. Supershift assays were performed with rabbit
polyclonal antibody able to detect both the a and the b isoforms of
HNF1 and with rabbit IgG as a control (sc-8986 and sc-2027,
respectively; both from Santa Cruz Biotechnology, Heidelberg,
Germany). The antibodies were added to the preincubation mixture
and incubated for 1 hour instead of 10 minutes before adding the
radiolabeled probes.

In vitro transcription-translation was performed using the TNT T7
Quick-Coupled Transcription/Translation System (Promega, Mannheim,
Germany) according to the manufacturer’s instructions. In brief, 1
microgram DNA of plasmids pcDNA3.1, pcDNA3.1::HNF1A, or
pcDNA3.1::HNF1B (each carrying the T7 promoter) was mixed with
40 ml of TNTT7 Quick Master Mix and 1 ml of 1 mM methionine and
incubated for 1 hour at 30°C. Two microliters of the reaction were
used instead of nuclear extracts in the electrophoretic mobility shift
assays.

Chromatin Immunoprecipitation Assay. Two million cryopre-
served human hepatocytes were rapidly thawed at 37°C, washed
once in 10 ml of Dulbecco’s modified Eagle’s medium (Gibco, Life
Technologies, Darmstadt, Germany) and one time in 10 ml of
phosphate-buffered saline, pH 7.4, and pelleted by centrifugation
(300g for 3 minutes at room temperature). The hepatocytes used were
from a single male donor and were obtained from Gibco (Life
Technologies). The chromatin immunoprecipitation was performed
using EpiTect Chromatin Immunoprecipitation OneDay Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. The
chromatin was sheared in three cycles of 10 minutes at 300 W with
10-second on/off–duty time using a Biorupter (Diagnode, Liege,
Belgium). Immunoprecipitation was performed with 4 mg of HNF1
or control IgG antibodies at 4°C overnight. The antibodies used were
the same as in the electrophoretic mobility shift assay. The amount of
precipitated DNA was analyzed by conventional polymerase chain
reaction (PCR) and quantified by real-time PCR. The conventional
PCR was performed with KOD Hot Start DNA polymerase (Novagen,
Darmstadt, Germany) and the real-time PCR with TaqMan universal
master mix (Life Technologies) supplemented with SYBR Green I
(Eurogentec, Serang, Belgium). The amplification was carried out
under the following conditions: 95°C for 10 minutes, followed by
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40 cycles of 94°C for 10 seconds, 60°C for 20 seconds, and 72°C for 50
seconds. Two regions were analyzed: a 149-bp region containing the
potential HNF1 binding sites in the intron 1 ECR, and a 141-bp region
in intron 2 of the OCT1 gene analyzed as a negative control. The
primer sequences are given in Table 1.

Generation of the Luciferase Reporter and the HNF1
Overexpression Plasmids. Genomic DNA was extracted from an
EDTA-preserved venous blood sample from an anonymous healthy
Caucasian human donor, using an automated solid phase extraction
method according to the manufacturer’s instructions (EZ1 DNA Blood
350-ml Kit used with the BioRobot EZ1; both from Qiagen). The DNA
was used for the amplification of the OCT1 core promoter and the
intron 1 ECR fragment. All PCR amplifications performed for
cloning purposes were performed with a high-fidelity KODHot Start
DNA polymerase (Novagen, Darmstadt, Germany) and Q-solution
(Qiagen).

A 1601-bp promoter fragment spanning 1560 bp upstream to 44 bp
downstream of the transcriptional start site of OCT1 was amplified
by PCR. The amplification was performed using the OCT1 promoter
forward and reverse primers (Table 1) under the following reaction
conditions: 95°C for 2 minutes, followed by 35 cycles of 95°C for
30 seconds, 64°C for 30 seconds, 72°C for 90 seconds, and a final
elongation of 72°C for 10 minutes. The PCR product was cut with SacI
and XhoI restriction enzymes (MBI-Fermentas). The SacI site was
present in the template sequence, and the XhoI site was artificially
introduced by the reverse primer. The PCR product was cloned into
the pGL3basic vector (Promega), which was cut with the same re-
striction enzymes, to generate the OCT1 promoter reporter construct
pGL3b::OCT1promoter.

The 185-bp ECR fragment was amplified using the ECR forward
and reverse primers (Table 1) under the following reaction conditions:
95°C for 3 minutes, followed by 35 cycles of 94°C for 15 seconds, 53°C
for 30 seconds, 68°C for 1 minute, and a final elongation of 68°C
for 7 minutes. The PCR product was cut with BamHI and SalI

(MBI-Fermentas) (restriction sites introduced by the primers) and
cloned into the pGL3b::OCT1promoter or pGL3-Promoter plasmids
(Promega) cut with the same restriction sites.

The two potential HNF1 binding sites in the intron 1 ECR were
mutated by fusion PCR followed by classic site-directed mutagenesis.
The fusion PCR was used to mutate the upstream HNF1 binding site,
while the classic site-directed mutagenesis was used to mutate the
downstream HNF1 binding site. In the fusion PCR, the first two DNA
fragments, an 88-bp and a 148-bp fragment, were independently
amplified using the ECR-containing pGL3b::OCT1promoter plasmid
as a template. The 88-bp fragment was amplified using the ECR
forward and HNF1A(A) reverse primers (Table 1). The 148-bp
fragment was amplified using the HNF1A(A) forward and the ECR
reverse primers (Table 1). Both reactions were performed under the
following reaction conditions: 95°C for 3minutes, followed by 35 cycles
of 94°C for 30 seconds, 53°C for 30 seconds, 68°C for 2 minutes, and
a final elongation of 68°C for 7 minutes.

In the subsequent fusion reaction, the homologous ends of the two
mutated ECR fragments were annealed using approximately 1 mg
DNA from each initial PCR product and the following conditions:
initial denaturing at 95°C for 2 minutes, followed by 35 cycles of 95°C
for 30 seconds, 55°C for 30 seconds, 72°C for 2 minutes, and a final
elongation of 72°C for 7 minutes. Finally, the mutated ECR fragment
was amplified by PCR with the flanking primers ECR forward and
ECR reverse (Table 1). The PCR product was cloned into the pTOPO
vector (Life Technologies), and the mutation was verified by sequencing.

The second potential HNF1 binding site in the ECR fragment was
mutated by classic site-directed mutagenesis using the pTOPO
plasmid as a template and the forward and reverse mutagenesis
primers HNF1A(B). The mutation was verified by sequencing. The
185-bp dual-mutant ECR fragment was cut from the pTOPO plasmid
using BamHI and SalI and recloned into the pGL3b::OCT1promoter
or the pGL2-Promoter constructs downstream of the firefly luciferase
gene.

TABLE 1
Sequences of the probes and primers used in the study

Name Direction Sequence

EMSA probes
GS-ECR Forward 59-gatcCTTAGTTATTCATTTCTGCAGAACTAATTTTTAACCTAG-39
GS-ECR Reverse 59gatcCTAGGTTAAAAATTAGTTCTGCAGAAATGAATAACTAAG-39
GS-ECR_mut Forward 59-gatcCTTA-GGGGTTCAGGTCTGCAGAACGGATTTTGGGCCTAG-39
GS-ECR_mut Reverse 59-gatcCTAGGCCCAAAATCCGTTCTGCAGACCTGAACCCCTAAG-39
GS-HNF1_cons Forward 59-gatcCCAGGTTAATGATTAACCCA-39
GS-HNF1_cons Reverse 59-gatcTGGGTTAATCATTAACCTGG-39

ChIP primers
ChIP-ECR Forward 59-CTGGCTCGTGGGTAAGAATTGTCTC-39
ChIP-ECR Reverse 59ATGTCCAAGGCAATGCTAGGTTAAA-39
ChIP-Intron2 Forward 59-GGCAGCGAGATCGAAGGACAACTGT-39
ChIP-Intron2 Reverse 59-TCTCCTGCCTTCGGGTTTTCTCCAA-39

Primers used in the generation of
the reporter gene and the
HNF1-overexpressing constructs
OCT1 Promoter Forward 59-TGCACAGAGAGAGAAACCAAAAGTC-39
OCT1 Promoter Reverse 59-GCCAGCTCGAGATGTCTCCCTCAGAGATCTTTG-39
ECR Forward 59-TCCTTGGATCCCCAGCTCCTCCTCCAAACT-39
ECR Reverse 59-CCCGAGTCGACCTCATGATCTTAGCACCTAGCCTT-39
HNF1A Forward 59-CCTGTGGATCCGAGCCATGGTTTCTAAACTGA-39
HNF1A Reverse 59-AGCTTATCTAGAGTGGTTACTGGGAGGAAGAGG-39
HNF1B Forward 59- CTTTTTCCGGATCCTTGGAAAATGGTGTCCAA-39
HNF1B Reverse 59- GTGGTGTCTAGAGGCATCACCAGGCTTGTAGA-39

Primers used for site-directed
mutagenesis of the ECR1
Binding Sites
HNF1A(A)_f Forward 59-TTGGGGAATCAATCTTAGGGGTTCAGGTCTGCAGAACTAATTTTT A-39
HNF1A(A)_r Reverse 59-TAAAAATTAGTTCTGCAGACCTGAACCCCTAAGATTGATTCCCCAA-39
HNF1A(B)_f Forward 59-GGTTCAGGTCTGCAGAACGGATTTTGGGCCTAGCATTGCCTTGGAC-39
HNF1A(B)_r Reverse 59-GTCCAAGGCAATGCTAGGCCCAAAATCCGTTCTGCAGACCTGAACC-39

ChIP, chromatin immunoprecipitation. The unspecific sequences used in the radioactive labeling of the EMSA probes are given in lowercase letters. Mutated nucleotides
are shown in boldface, and the artificially introduced restriction sites are underlined. The ATG start codons of HNF1a and HNF1b are given in italics.
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The HNF1 overexpression vector was constructed using the full-
length I.M.A.G.E. cDNA clone IRATp970D11125D (ImaGenes, Ber-
lin, Germany). A 1911-bp fragment, including the complete HNF1A
open reading frame, was amplified by PCR from approximately 2 mg
of template DNA with the forward and reverse HNF1A primers
(Table 1) under the following reaction conditions: 95°C for 3 minutes,
followed by 35 cycles of 94°C for 15 seconds, 60°C for 30 seconds, 68°C
for 3 minutes, and a final elongation of 68°C for 7 minutes. The PCR
product was cloned into the pcDNA3.1 vector (Life Technologies)
using the BamHI and XbaI restriction sites downstream of the
cytomegalovirus promoter to create the HNF1a overexpression construct
pcDNA3.1::HNF1A.

The HNF1b overexpression vector was constructed using a full-
length I.M.A.G.E. cDNA clone IRATp970A0421D (ImaGenes). A
1711-bp fragment, including the complete HNF1B open reading
frame, was amplified by PCR from approximately 2 mg of template
DNA with the forward and reverse HNF1B primers (Table 1) under
the following reaction conditions: 95°C for 2 minutes, followed by 35
amplification cycles of 95°C for 30 seconds, 64.6°C for 30 seconds and
then 72°C for 2 minutes, and a final elongation of 72°C for 10minutes.
The PCR product was cloned into the pcDNA3.1 vector (Life
Technologies) using the BamHI and XbaI restriction sites down-
stream of the cytomegalovirus promoter to create the HNF1 over-
expression construct pcDNA3.1::HNF1B.

Reporter Gene Assays. HepG2 cells (DSMZ-German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany) were
cultured in RPMI 1640 GlutaMAX-I supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Huh7
cells (JCRB Cell Bank, Tokyo, Japan) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 mg/ml streptomycin. All cell culture
media and additives were obtained from Life Technologies. Cells were
cultured under standard conditions at 37°C in a humidified atmo-
sphere supplemented with 5% CO2.

For transfection experiments, a total of either 1 � 106 HepG2 or
0.5 � 106 Huh7 cells were plated in a single well of a six-well plate
(Nunc, Langenselbold, Germany) and grown for 24 hours to reach
approximately 75% confluence.

Linearized reporter gene plasmids were used for the transfection.
To linearize the plasmids, approximately 80 mg of plasmid DNA was
digested with 15 U AhdI restriction endonuclease (New England
Biolabs, Frankfurt am Main, Germany) for 3 hours at 37°C. The
digested plasmids were purified through an agarose gel using the
QIAquick Gel Extraction Kit from Qiagen. The obtained DNA was
quantified spectrophotometrically and used for the transfection.

The HepG2 cells were transfected with 2 mg of reporter gene
plasmid and 50 pmol of small interfering RNA (siRNA) per well. For
the downregulation of human HNF1A, we used a predesigned
Silencer siRNA (Ambion, Life Technologies, Darmstadt, Germany).
The sequence of the sense strand of the siRNA was 59-GGUCUU-
CACCUCAGACACUtt-39, and the antisense strand was 59-AGUGU-
CUGAGGUGAAGACCtg-39. This siRNA has been previously shown
to efficiently downregulate HNF1A expression as assessed by both
mRNA and protein expression (Pelletier et al., 2011). As a control we
used nontargeting negative control siRNA #1 (Ambion, Life Technol-
ogies). The transfection was performed with 10 ml of Lipofectamine
2000 (Life Technologies) in antibiotic-free medium.

TheHuh7 cells were cotransfected with amixture of 0.9mg of HNF1
overexpression plasmid and 0.3 mg of reporter plasmid using 3.6 ml of
Lipofectamine 2000 (Life Technologies) in antibiotic-free medium.
Cells were cotransfected with 9 ng of pRL-cytomegalovirus Renilla
luciferase control vector (Promega).

The activity of the firefly and Renilla reniformis luciferase reporter
genes was measured with the Dual-Luciferase Reporter 1000 Assay
System (Promega) according to the manufacturer’s instructions. In
brief, 48 hours after cell transfection, the culture medium was
removed and the cells were washed with phosphate-buffered saline.
The cells were lysed by a 15-minute incubation in 1� Passive Lysis

Buffer (Promega) and then snap-frozen in liquid nitrogen and thawed
three times. Cell debris was removed by centrifugation for 5 minutes
at 16,000g. The luciferase activity of the supernatant was then
directlymeasured with aGloMax 96Microplate Luminometer (Promega)
using a 10-second integration time. The ratio of firefly to Renilla
luciferase signal was calculated for each sample and related to the
same ratio from cells transfected with the empty pGL3 basic or pGL3
promoter values to obtain the relative luciferase activity.

Western Blot. Approximately 2 �105 cells were lysed in 100 ml of
Tris-HCl buffer, pH 7.4, containing 150 mM NaCl, 1 mM EDTA, 1%
(v/v) Nonidet P-40, 0.1% (w/v) SDS, 0.25% (w/v) sodium deoxycholate,
and 2 mM phenylmethanesulfonyl fluoride. Cell debris was removed
by centrifugation (9600g, 10 minutes, 4°C), and the supernatant,
which contained the total cellular protein, was used. Ten micrograms
of protein were separated on a 12% SDS-polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane (pore size of 0.45
mm; Merck Millipore, Schwalbach, Germany). The membrane was
blocked for 1 hour at room temperature with Roti-Block (Carl Roth,
Karlsruhe, Germany) and incubated overnight at 4°C with primary
antibody diluted in Tris-buffered saline/Tween 20 (TBST) buffer (20
mM Tris, 150 mM NaCl, plus 0.5% Tween 20) containing 5% (w/v)
milk powder. We used polyclonal antibodies against HNF1a or
HNF1b diluted 1:200 (sc-6547 and sc-7411, respectively; both from
Santa Cruz Biotechnology) and a monoclonal antibody against
glyceraldehyde-3-phosphate dehydrogenase diluted 1:50,000 (RGM2-
6C5; Zytomed Systems, Berlin, Germany). The membrane was washed
three times for 5 minutes with TBST buffer. It was incubated for 1 hour
with secondary antibodies diluted 1:10,000 in TBST containing 0.5%
(w/v) milk powder and washed for 5 minutes in 20 mM Tris
supplemented with 150 mM NaCl. We used rabbit-anti-goat (Abcam,
Cambridge, UK) or rabbit-anti-mouse (Dianova, Hamburg, Germany)
secondary antibodies coupled to horseradish peroxide. The signal was
developed using SuperSignal West Pico Kit (Thermo Scientific, Bonn,
Germany), according to the manufacturer’s instructions, and detected
with the VersaDoc scanner (Bio-Rad, München, Germany). HNF1a
migrated at ~78 kDa, and HNF1b migrated at ~65 kDa.

Human Liver Samples. Forty human liver samples from 10
female and 30 male healthy Caucasian donors were analyzed in the
study. The average age of the donors was 37 years (range 2 to 72
years). The human liver samples were provided by the Liver Tissue
Procurement and Distribution System and by the Cooperative
Human Tissue Network. The origin of the human liver tissue samples
and the isolation of DNA and RNA have previously been described in
detail (Ramirez et al., 2008). The research on the human liver tissue
samples was deemed exempt from ethical review by the Institutional
Review Board of the University of Chicago.

Quantitative Reverse Transcription-PCR and Genotyping.
RNA was reverse-transcribed using SuperScript II Reverse Tran-
scriptase (Life Technologies) according to the manufacturer’s instruc-
tions. In brief, 0.5 mg of total RNA was incubated at 70°C for 10
minutes in the presence of 0.1 A260 U random hexanucleotide primers
(Roche). The samples were allowed to cool to room temperature. Fifty
units of reverse transcriptase, 20 units of Recombinant Human
Placenta RNase Inhibitor (Affymetrix, HighWycombe, UK), dNTPs to
the final concentration of 50 mM, and DTT to the final concentration of
50 mMwere added, and the samples were incubated for 1 hour at 42°C.
The resulting cDNA was diluted 1:5, and 3 ml (corresponding to
15 ng of the starting RNA) were used for quantitative RT-PCR
measurements.

The expression of OCT1, HNF1a, and HNF4 was quantified using
predeveloped TaqMan gene expression assays (Life Technologies)
according to the manufacturer’s instructions. The OCT1 assay was
targeted against the junction of exons 6 and 7 and therefore should
detect both the major and the alternative OCT1 transcript variants
that were described by Hayer et al. (1999). The expression of the
analyzed genes of interest was normalized to the expression of the
housekeeping gene TATA-box binding protein (TBP). TBP expression
was measured using a predeveloped TaqMan gene expression assay
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(Life Technologies). The measurements were performed using the
7900HT Fast Real-Time PCR System (Life Technologies).

OCT1 polymorphisms were genotyped using the singe-base primer
extension reaction as described previously (Tzvetkov et al., 2009).
HNF1A polymorphisms were genotyped using a multiplex single-base
primer extension assay. The assay is described in detail in Supplemental
Methods and Supplementary Table 1.

Statistical Analyses. Analyses of variance (ANOVA) followed by
post hoc analyses applying Tukey’s honestly significant difference
(HSD) were used to compare differences in reporter gene activity.
Spearman’s correlation was used to analyze the correlation between
OCT1 and HNF1A mRNA expression. Multifactorial effects on OCT1
expression were analyzed using a linear regression model including
the logarithm of OCT1mRNA expression as a dependent variable and
the following independent variables: sex; age; HNF1a and HNF4
mRNA expression; the genotypes of the loss-of-function OCT1 poly-
morphisms Arg61Cys (rs12208357), Cys88Arg (rs55918055), Gly401Ser
(rs34130495), Gly465Arg (rs34130495), and Met408Val (rs628031), and
a deletion of Met420 (rs72552763). The logarithmic transformation was
performed to achieve a normal distribution of OCT1 expression. The
effects of HNF1A polymorphisms on OCT1 expression were analyzed
using a nonparametric Jonckheere-Terpstra test for comparing three
genotype groups and the Mann–Whitney U test for comparing two
genotype groups. All statistical analyses were performed with IBM SPSS
Statistics version 20.0 (IBM Corporation, Ehningen, Germany).

Results
Evolutionary Conservation of the OCT1 Gene. We

analyzed evolutionary conservation in the OCT1 locus to
identify regions of potential importance for the transcrip-
tional regulation of OCT1. A 185-bp evolutionary conserved
region was identified in intron 1 of the gene starting 3362 bp
downstream of the translational start site (Fig. 1A). The ECR
was highly conserved among the mammals, including human,
chimpanzee, rhesus macaque, dog, cow, mouse, and rat. The
conservation between humans and any of these species was
greater than 70%. No evolutionary conserved regions were
identified in the 2-kb promoter region.
Next, we analyzed the conservation of the intron 1 ECR in

46 vertebrate genomes. A 40-bp sequence within the intron 1
ECR was highly conserved in 22 mammalian genomes (Fig.
1B). This 40-bp sequence was not conserved in nine mammals
(opossum, tree shrew, squirrel, alpaca, microbat, hedgehog,
tenrec, armadillo, and sloth) or in the nonmammalian species
analyzed. The highly conserved 40-bp region harbored two
potential binding sites for the hepatocyte nuclear factor 1.
Therefore, we hypothesized that the intron 1 ECR might play
a role in the transcriptional regulation of OCT1 by recruiting
HNF1, a transcriptional regulatory factor that is predomi-
nantly expressed in the liver.
HNF1 Specifically Binds to the ECR in OCT1 Intron

1. First, we investigated the ability of the transcriptional
factor HNF1 to bind the intron 1 ECR in vitro. We performed
electrophoretic mobility shift assays using nuclear extracts
from HepG2 cells. A clear retention signal was observed for
the radiolabeled probe containing the highly conserved 40-bp
sequence of the intron 1 ECR (Fig. 2B). The signal was
decreased or eliminated by cold competition with the non-
labeled probe, demonstrating binding specificity.
We next tested whether HNF1 is the nuclear protein that

binds to the intron 1 ECR by performing cold competition and
supershift assays (Fig. 2B). In the cold competition assay, no
competition was observed when the two potential HNF1

binding sites of the ECR probe were mutated, and strong
competition was observed when a probe representing the
HNF1 consensus binding sequence was used. When the
nuclear extracts were preincubated with an antibody against
HNF1, the retarded signal was additionally shifted (a so-
called supershift). The control reaction with IgG showed no
additional shift in the signal.
Finally, we analyzed the binding of HNF1 to the intron 1

ECR in vivo. We performed chromatin immunoprecipitation
in human hepatocytes and observed a clear immunoprecipi-
tation signal for the intron 1 ECR (Fig. 2C). The signal was
absent if an IgG control was used instead of the HNF1
antibody, or if another region located in intron 2 of the OCT1
gene was analyzed as a negative control. Taken together,
these experiments demonstrate that HNF1 binds to the
intron 1 ECR of the OCT1 gene.
The Intron 1 ECR Enhances OCT1 Promoter Activity

in an HNF1-Dependent Manner. We analyzed whether
the binding of HNF1 to the intron 1 ECR affects the
transcriptional regulation of OCT1 using luciferase reporter
gene assays. The reporter gene assays were performed in the
model hepatocarcinoma cell lines HepG2 and Huh7. We used
luciferase reporter gene constructs carrying or lacking the
intron 1 ECR downstream of the reporter gene. First, we
analyzed the effect of the ECR on the promoter activity of the
well-defined SV40 promoter. The intron 1 ECR increased the
SV40 promoter activity 22-fold in HepG2 cells (P , 0.001,
ANOVA F test; P , 0.001, post-hoc Tukey-HSD test for
comparison between the promoter activity of SV40 alone or
with the intron 1 ECR; Fig. 3A). This increase was absent
when the HNF1 binding sites of the ECR were mutated (the
same bases were mutated as in the mobility shift experi-
ments; Fig. 2A), or the endogenous HNF1a expression was
downregulated with siRNA. The siRNA was specific for
HNF1a: HNF1A expression was strongly downregulated (Fig.
3E), whereas HNF1B expression showed a slight but in-
significant increase in expression (125 6 22% of the HNF1B
expression in the control transfected cells; data not shown).
As with HepG2 cells, the intron 1 ECR increased the SV40

promoter activity 11-fold in Huh7 cells overexpressing
HNF1a (P , 0.001, ANOVA F test; P , 0.001, post-hoc
Tukey-HSD test for comparison between the promoter ac-
tivity of SV40 alone or with the intron 1 ECR; Fig. 3B). This
increase was absent when the HNF1 binding sites were
mutated. In the absence of HNF1 overexpression, the ECR did
not significantly increase the SV40 promoter activity in Huh7
cells. These experiments demonstrated that the intron 1 ECR
is an enhancer and that its enhancer activity depends on
HNF1.
We next investigated whether the intron 1 ECR could also

enhance the activity of the original OCT1 promoter. To this
end, we performed reporter gene assays using constructs in
which the luciferase reporter was under the control of the
1604-bp promoter region of the OCT1 gene. In HepG2 cells,
the OCT1 core promoter led only to a nonsignificant 2-fold
increase of luciferase expression over the empty pGL3-basic
vector control. Importantly, the presence of the ECR fragment
downstream of the luciferase gene increased the promoter
activity by an additional 13-fold (P , 0.001, ANOVA F test
and P , 0.001, post-hoc Tukey-HSD test for comparison
between the activity of the OCT1 promoter alone or with the
intron 1 ECR; Fig. 3C). This increase was absent when the
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HNF1 binding sites were mutated or the endogenous HNF1a
expression was downregulated using siRNA. Similarly, in
HNF1a-overexpressing Huh7 cells, the intron 1 ECR in-
creased the OCT1 promoter activity an additional 6-fold (P ,
0.001, ANOVA F test; P, 0.001, post-hoc Tukey-HSD test for
comparison between the activity of the OCT1 promoter alone

or with the intron 1 ECR; Fig. 3B). This increase was absent
when the HNF1 binding sites in intron 1 ECR were mutated,
and was limited to 2.3-fold when HNF1A was not overex-
pressed (P 5 0.02, P , 0.001, ANOVA F test; P , 0.001, post-
hoc Tukey-HSD test for comparison between the activity of
the OCT1 promoter alone or with the intron 1 ECR). From

Fig. 1. In silico analyses of evolutionary conservation suggest binding of HNF1 to an evolutionary conserved region in intron 1 of the OCT1 gene.
(A) Evolutionary conservation of the organic cation transporter OCT1 gene in mammals visualized using ECR Browser (http://ecrbrowser.dcode.org/).
A 15.5-kb region of the OCT1 gene is shown. The region includes the promoter, the first four exons, and three introns. The X-axis represents genomic
coordinates. The Y-axis represents the degree of conservation between the human genome (as a reference) and the corresponding mammalian genome.
The conserved exon sequences are depicted in blue, the promoter sequences in red, and the intron sequences in orange. The repeated element sequences
are depicted in green. The highly evolutionary conserved region in intron 1 is marked with an arrow. (B) Alignment of the highly conserved 40-bp
sequence within the intron 1 ECR in 22 mammalian genomes. Conserved bases are highlighted in blue. The consensus binding sequences of HNF1
(shown in red) are given to indicate the two potential HNF1 binding sites.
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these results we concluded that the intron 1 ECR is an
enhancer of theOCT1 promoter and that its enhancer activity
depends on HNF1.
Correlation between HNF1a and OCT1 Expression in

the Human Liver. To verify whether the described effects of
HNF1 on OCT1 expression play a role in vivo, we analyzed the
expression of both HNF1A and OCT1 in 40 human liver
samples. OCT1 expression varied 125-fold among the liver
samples. The range was 2 to 249 transcripts per TPB transcript
(median of 65 transcripts per TBP transcript, 25th and 75th
percentile of 15.2 and 117.5 transcripts per TPB transcript,

respectively; Fig. 4A). Higher OCT1 expression was correlated
with higher HNF1A expression (r 5 0.48, P 5 0.002; Fig. 4B).
This suggests that differences in HNF1A expression accounted
for 23% of the variations in OCT1 expression. To rule out
possible artifacts due to TBP normalization, we performed
correlation analyses of the nonnormalized OCT1 and HNF1A
expression. Without normalization to TBP, higher OCT1 ex-
pression was still correlated with higher HNF1A expression
(r 5 0.42, P 5 0.007).
We used a multivariate model to assess the combined

effects of age and sex of the liver donors, expression of known

Fig. 2. Electrophoretic mobility shift and chromatin
immunoprecipitation assays demonstrating binding of
HNF1 to the evolutionary conserved region in intron 1
of the OCT1 gene. (A) Sequences of the probes used in
the electrophoretic mobility shift assay (EMSA). The
specific sequences are given in upper case, and the
unspecific sequences used in the radioactive labeling of
the EMSA probes are given in lower case letters.
Positions mutated to disrupt the HNF1 binding sites
are indicated by boxes. (B) The 32P-labeled probe
containing the 40-bp highly conserved sequence from
the intron 1 ECR was incubated with nuclear extracts
from HepG2 cells in the absence or presence of un-
labeled probes (cold competition) or antibodies (super-
shift). The unlabeled probes were given in 3- and
30-fold molar excess of the 32P-labeled probe. (C) Chro-
matin immunoprecipitation assay (ChIP) of isolated
human hepatocytes. A representative agarose gel and
a real-time PCR-based signal quantification are shown.
The intron 1 ECR and a negative control region in
intron 2 of the OCT1 gene were analyzed. The
quantification results are based on three independent
ChIP experiments quantified in duplicate and are
shown as means and standard deviations. Identical
HNF1-specific and control IgG antibodies were used in
the electrophoretic mobility shift and chromatin im-
munoprecipitation assays. Detailed information about
the antibodies used is available in the text.
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transcriptional regulatory factors, and genetic polymorphisms
inOCT1 on OCT1 expression.We analyzed the followingOCT1
polymorphisms: Arg61Cys and Met408Val, which have been
reported to affect OCT1 expression (Nies et al., 2009); and
Cys88Arg, Gly401Ser, Gly465Arg, and a deletion of Met420,
which are known to reduce OCT1 activity and therefore may

cause feedback upregulation of OCT1 expression (Shu et al.,
2003; Chen et al., 2010; Tzvetkov et al., 2010). HNF1A expression
remained the strongest predictor of the variations in OCT1
expression (Fig. 4C). Age and the Arg61Cys polymorphism in
OCT1, but not sex, HNF1B expression, HNF4 expression, or
other OCT1 polymorphisms were also significantly associated

Fig. 3. Effects of HNF1 binding to the intron 1 ECR on the promoter activity of the OCT1 gene. Luciferase reporter gene assay were performed in the
model hepatocellular carcinoma cell lines HepG2 (A and C) and Huh7 (B and D). The luciferase gene was cloned under the control of the Simian virus 40
promoter (PSV40) (A and B) or the 1.6-kb promoter fragment of the OCT1 gene (C andD). The constructs included an intact or mutated intron 1 ECR, or no
ECR, cloned downstream of the luciferase gene. The coordinates are given in base pairs related to the distance to the transcriptional start site of OCT1.
In HepG2 cells, the endogenous HNF1A expression was additionally downregulated using siRNA (white bars) (A and C). In Huh7 cells, HNF1A was
additionally overexpressed by cotransfecting the overexpression plasmid pcDNA3::HNF1A with the reporter gene constructs (gray bars) (B and D).
Shown are means and standard deviations of at least four independent experiments. (E) Effective downregulation and the overexpression of HNF1A
were confirmed at the mRNA level by RT-qPCR (upper part) and at the protein level by Western blot (lower part). The RT-qPCR data represent mean
and standard deviation of three independent experiments. The Western blot picture is a single representative experiment.
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with OCT1 expression. OCT1 expression was significantly lower
in the donors 18 years of age or younger (n 5 10) than in the
adults (n 5 30, median expressions of 19.6 and 82.0 transcripts

per TBP transcript, respectively, P 5 0.02). When analyzed in
adults alone, higher OCT1 expression was even more strongly
correlated with higher HNF1A expression (r 5 0.56, P 5 0.001;
Fig. 4B).
Five single nucleotide polymorphisms (SNPs) in the HNF1A

gene have been reported to associate with the expression levels
of HNF1 target genes: two amino acid substitutions (isoleucine-
to-leucine in codon 27 and serine-to-asparagine in codon 487),
two intronic SNPs (rs1183910 and rs7310409), and an SNP
located downstream of the HNF1A gene (rs1169313) (Reiner
et al., 2008; Yuan et al., 2008; Dehghan et al., 2011). We
analyzed these SNPs in our set of liver samples (Supplemental
Methods). Because of the small number of samples, statistical
evaluation of the SNP effects on OCT1 expression was not
possible. Still, it is interesting to note that homozygous carriers
of aspargine 487, and the strongly linked leucine 27, expressed
less OCT1 than the isoleucine 27-serine 487 carriers (mean 6
S.D. 166 10 compared with 826 71 OCT1 transcripts per TBP
transcript, respectively; Supplemental Table 2).
The HNF1a and HNF1b Isoforms Both Interact with

the Intron 1 ECR and Enhance OCT1 Promoter
Activity. We analyzed whether both a and b isoforms of
HNF1 may bind to the intron 1 ECR and enhance the OCT1
promoter activity. First, we expressed the a and b isoforms
using an in vitro transcription-translation system. The in
vitro expressed proteins were used in an electrophoretic
mobility shift assay experiment. Both a and b isoforms bound
to the ECR probe (Fig. 5A). The retention signal was similar to
those obtained using a consensus recognition sequence for
HNF1. No binding was observed when the HNF1 recognition
sequences in the ECR probe were mutated.
Next, we tested whether the binding of each of the isoforms

increased the promoter activity caused by the intron 1 ECR
enhancer. To do so, we cotransfected vectors overexpressing
either the a or b isoforms, together with SV40 promoter
reporter constructs containing the intron 1 ECR. The
presence of each of the isoforms increased the reporter gene
activity by more than 4-fold in Huh7 cells (Fig. 5B). No
increase was observed when the HNF1 recognition sequences
in the intron 1 ECR were mutated. From these experiments
we concluded that the both the HNF1a and HNF1b isoforms
can interact with intron 1 ECR and enhance OCT1 promoter
activity.

Discussion
This study shows that the hepatocyte nuclear factor HNF1

is a transcriptional regulator of the organic cation transporter
OCT1. By use of the electrophoretic mobility shift, chromatin
immunoprecipitation, and reporter gene assays, we demon-
strated that HNF1 binds to a highly evolutionary conserved
region in intron 1 of the OCT1 gene and that this binding
results in a strong enhancement of OCT1 promoter activity.
These findings were additionally supported by a significant
correlation between HNF1a and OCT1 expression levels in
human liver samples.
Our data suggest that the effects of HNF1 on OCT1 ex-

pression are stronger than the effects of USF and HNF4, the
two transcription factors that were previously known to
regulate OCT1 expression (Saborowski et al., 2006; Kajiwara
et al., 2008). In vitro, the binding of HNF1 to the intron 1 ECR
caused a much larger increase in the luciferase reporter gene

Fig. 4. Variability of OCT1 expression and correlation between OCT1 and
HNF1 expression in the human liver. (A) Histogram illustrating the
variability in OCT1 expression in 40 human liver samples. (B) Correlation
between OCT1 and HNF1A expression in the human liver, based on
analysis of 40 samples. The calculated coefficient of determination (r2) and
the significance of the correlation (P) are shown. The inset represents the
analyses of the subgroup of adult liver tissue donors only (age 19 years or
above, n = 30). (C) Multiple linear regression analyses showing the
dependence of OCT1 expression on HNF1A expression after adjustment
for sex, relevantOCT1 genotypes, and HNF4 expression. Number of active
OCT1 alleles is a compound genotype accounting for the loss-of-function
amino acid substitutions Arg61Cys (rs12208357), Cys88Arg (rs55918055),
Gly401Ser (rs34130495), Gly465Arg (rs34130495), and a deletion of
Met420 (rs72552763). We regarded OCT1 alleles carrying any of these
polymorphisms as inactive.
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activity than the increase caused by the “canonical” OCT1
promoter, which contains the USF and HNF4 binding sites
(Fig. 3). In human liver samples, the variations in OCT1
expression were associated with variations in HNF1a, but not
with variations in HNF4 expression (Fig. 4).
HepG2 and Huh7 cells lack endogenous OCT1 expression.

This is in concordance with the known strong downregulation
of OCT1 expression in hepatocellular carcinoma (Schaeffeler
et al., 2011; Heise et al., 2012). We demonstrated that HNF1
may regulate promoter activity in HepG2 andHuh7 cells (Figs.
3 and 5). However, the endogenous OCT1 mRNA expression
remained low (below 0.1 transcripts per TBP transcript) and
did not change after overexpression of HNF1A or HNF1B in
Huh7 cells or after HNF1A downregulation in HepG2 cells
(data not shown). This suggests an HNF1-independent mecha-
nism of downregulation of OCT1 expression in hepatocellular
carcinoma. Still, HNF1 seems to be a relevant regulator of OCT1
expression in the healthy liver, as suggested by the significant
correlation between the HNF1A and OCT1 expression in the
analyzed human liver samples (Fig. 4).
One potential implication of our findings is that genetic

variations in HNF1a may change OCT1 expression and, as
a consequence, affect the liver uptake and metabolism of drug
substrates of OCT1. Common genetic variants in HNF1A have
been reported to affect the expression of a number of HNF1-
controlled genes in the liver. In multiple genome-wide associa-
tion studies, the variants rs7310409, rs2464196, rs1169288,
rs1169313, and rs1183910 were associated with changes in the
plasma concentrations of liver-expressed C-reactive protein and
g-glutamyltransferase (Reiner et al., 2008; Yuan et al., 2008;
Chambers et al., 2011; Dehghan et al., 2011). Although
rs2464196 and the highly genetically linked variants showed
a trend of reduced OCT1 expression in our study, the re-
duction was not significant and requires further validation.
Rare mutations in HNF1A are known as the major cause of

maturity-onset diabetes of the young type 3 (MODY 3) (Ryffel,
2001). Carriers of these mutations have substantially reduced
HNF1a activity, and, based on the results of our study, are
thus expected to have a subsequent substantial reduction in
OCT1 expression. Reduced OCT1 activity would not be
expected to affect the standard drug therapy for MODY 3;
these patients are typically treated with sulfonylurea deriv-
atives, which are not known to interact with OCT1 (Ahlin
et al., 2008), rather than metformin, which is a well-known
OCT1 substrate. However, the potential reduced OCT1 ex-
pression in patients with MODY 3 should be considered when
developing new therapeutics.
Nongenetic factors also cause changes in HNF1 activity and

thus may affect OCT1 expression. Cholestasis was reported to
cause a significant decrease in OCT1 expression (Denk et al.,
2004; Nies et al., 2009). The decrease was explained by an
HNF4-mediated decrease of OCT1 expression induced by the
increased bile acid concentration (Saborowski et al., 2006).
However, HNF1 is known as the key mediator of cholestatic
effects on gene expression in the liver (Jung and Kullak-
Ublick, 2003). The major signaling pathways regulated by bile
acids, the FXR-SHP pathway, the HNF4 pathway, and the
NF-kB pathway, are all known to execute their effects
through HNF1. Therefore, based on the direct regulation of
OCT1 transcription by HNF1 demonstrated in this study,
a substantial contribution of HNF1 to the cholestatic down-
regulation of OCT1 expression may be suggested.

Fig. 5. Comparison of the ability of HNF1a and HNF1b isoforms to interact
with the intron 1 ECR and to regulate OCT1 promoter activity. (A)
Electrophoretic mobility shift assays of in vitro transcribed and translated
HNF1a and b. pcDNA3 expression vectors carrying the HNF1A or HNF1B
genes, or the empty pcDNA3 vector as a control, were in vitro transcribed and
translated using the TNT T7 Quick Coupled Transcription/Translation
System (Promega). The in vitro extracts were incubated with 32P-labeled
probes containing the 40-bp conserved region from the ECR (ECR), the
conserved region with both HNF1 binding sites mutated (ECR mut.), or
a consensus binding sequence for HNF1 (HNF1 cons.) (Jain et al., 2007). (B)
Luciferase reporter gene assay of Huh7 cells overexpressing the HNF1a or
HNF1b isoforms. The overexpression vectors were cotransfected with pGL3
promoter vectors carrying the luciferase reporter gene under the control of the
Simian virus 40 promoter and the intact or mutated intron 1 ECR
(pGL3Prom::ECR and pGL3Prom::ECR mut., respectively). Shown are
means and standard deviation of at least three independent experiments.
The overexpression of HNF1a and HNF1b was confirmed by Western blot.
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The involvement of HNF1 in the regulation of OCT1 re-
ported here may also help predict drug-drug interactions. For
example, administering ursodeoxycholic acid (ursofalk), a
ursodeoxicholic bile acid used to treat gallstones, may lead to
an HNF1-mediated reduction in OCT1 expression because of
HNF1’s role in bile acid–induced hepatic gene regulation.
Future studies should systematically test whether ursofalk
reduces the metabolism of tropisetron, ondansetron, or
tramadol, or reduces the efficacy of metformin. A similar
interaction has already been demonstrated between ursofalk
and rosuvastatin (He et al., 2008). Rosuvastatin is taken up
into the liver by OATP1B1, a well-known target of HNF1
regulation. The coadministration of ursofalk resulted in
a significant reduction of the oral clearance of rosuvastatin;
this result was attributed to HNF1-mediated inhibition of
OATP1B1 expression.
HNF1 is a key regulator of drug transport and metabolism

in the human liver. Beyond its effects on OCT1 expression
suggested here, HNF1 is known to control the expression of
the liver uptake transporters OATP1B1, OAT5, and OAT7;
the phase II–metabolizing enzymes UGT1A1, 1A3, 1A4, 1A8,
1A9, 1A10, and 2B7; and the efflux transporter MRP2
(Bernard et al., 1999; Ishii et al., 2000; Jung et al., 2001;
Gregory et al., 2004; Qadri et al., 2006; Furihata et al., 2007;
Gardner-Stephen and Mackenzie, 2007; Klein et al., 2010).
Therefore, variations in HNF1 expression or activity may
have multiple effects on drug uptake, metabolism, and elim-
ination in the liver. For example, O-desmethyltramadol, the
active metabolite of tramadol, depends on OCT1 for its
hepatic uptake (Tzvetkov et al., 2011) and UGT2B7 for its
metabolism (Lehtonen et al., 2010). Both OCT1 and UGT2B7
are regulated by HNF1A. Therefore variations in HNF1a
expression or activity may have complex effects on the hepatic
elimination of O-desmethyltramadol and other drugs.
The expression of Oct1 in the liver is unchanged in the

Hnf1a knockout mouse, which is a clear contradiction of our
findings (Maher et al., 2006). Maher et al. (2006) reported
significant decreases in Oat2, Oatp1a1, and Oatp1b2, but not
in Oct1 expression in the livers of Hnf1a knockout mice. One
explanation for the contradiction between Maher’s and our
results may be the ability of the Hnf1b isoform to compensate
for the lack of Hnf1a. The expression of Hnf1b is upregulated
in the Hnf1a knockout mouse (Pontoglio et al., 1996). Here we
demonstrated that the b isoform may also bind to the intron 1
ECR and that this binding results in an enhancement of OCT1
promoter activity similar to that observed in the case of the a
isoform binding (Fig. 5). Alternatively, the apparent lack of
change in hepatic Oct1 expression in Hnf1a knockout mice
may be due to species-specific differences in transcriptional
regulation. Our study is focused on the effects in humans and
clearly shows the involvement of the human HNF1a in the
expression of OCT1 in the human liver both in vitro and in
vivo. In contrast, OCT1 expression was not correlated with
HNF1b expression in the human liver. Likewise, ECR
enhancer activity strongly decreased after downregulation of
HNF1A in HepG2 cells, even though HNF1B expression
remained unchanged. This suggests that HNF1b may play
only a limited role in the regulation of OCT1 expression when
active HNF1a is present. Interestingly, Oct1 expression in the
duodenum was significantly decreased in Hnf1a knockout
mice (Maher et al., 2006), suggesting effects of Hnf1 on
extrahepatic Oct1 expression. However, OCT1 extrahepatic

expression is very low in humans, and we have not analyzed
OCT1 expression in the human duodenum.
Extremely high interindividual variability in the expres-

sion of OCT1 was observed in the human liver. The expression
of OCT1 varied 125-fold among the liver samples in our study
(Fig. 4A). This finding is in complete agreement with the
previously reported 113-fold variation in OCT1 expression in
the human liver (Nies et al., 2009). Variations in HNF1A
expression explained only 23% of the variation in OCT1
expression in our sample (Fig. 4B). Further factors affecting
OCT1 expression in our sample were the age of the patient
and the genotype of the OCT1 Arg61Cys polymorphism. In
the study of Nies et al. (2009), the Arg61Cys variant was also
associated with OCT1 expression, but age was not associated
and HNF1A expression was not analyzed. The observed
discrepant effects of age may be due to differences in the age
distribution between the two populations analyzed. While in
our study a substantial portion of the liver samples (25%)
were obtained from donors younger than 20 years old, in the
study of Nies et al. (2009), only two donors (1%) were in this
age group. As known from analyses of expression of other
pharmacologically relevant genes in the liver and from studying
OCT1 expression in mice, the expression may strongly depend
on age, with substantial differences reported between adults
and younger individuals (Pavlova et al., 2000; Hines, 2008).
Variation in HNF1A expression, age, and OCT1 polymor-

phisms explained only part of the variability in the OCT1
expression in our study. The remaining variability may be due
to variation in the DNA methylation of OCT1 (Schaeffeler
et al., 2011), cholestasis (Nies et al., 2009), or amino acid
variants affecting the HNF1 activity (Supplemental Table 2).
Therefore the high variability in OCT1 expression should be
regarded as a multifactorial trait that is controlled by genetic,
epigenetic, and nongenetic factors.
In conclusion, HNF1 regulates the expression of OCT1 in

humans. The observed strong variation in OCT1 expression
in the human liver may be partially explained by variations in
HNF1a expression. It remains to be clarified to what extent
genetic variations, drugs, and disease conditions that change
HNF1 activity may affect the expression ofOCT1, and to what
extent this may result in changes in the pharmacokinetics or
efficacy of drugs taken up in the liver by OCT1.
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